Objectives: The sinuses of Valsalva are known to contribute to the normal function of the aortic valve. Little is known about their role in promoting coronary artery blood flow. The aim of this study was to compare coronary artery flow characteristics among patients undergoing a Bentall operation by means of a conventional cylindrical Dacron conduit or with a new conduit with pseudosinuses of Valsalva or in patients retaining their natural sinuses of Valsalva after aortic valve and supracoronary ascending aorta replacement. Methods: One year after a Bentall procedure with a standard cylindrical Dacron conduit (7 patients, group A) or with the new conduit (7 patients, group B), or after aortic valve and ascending aortic replacement (control group, 7 patients, group C) coronary flow velocity reserve and diastolic to systolic time integral ratio at baseline and after maximal hyperemia (with 40 mg of adenosine) were assessed by using a 0.014-in. Doppler guidewire positioned in the middle portion of the left anterior descending coronary artery. All patients were in NYHA class I, sinus rhythm and free of coronary disease. Results: Arterial blood pressures and heart rate were comparable among groups. Intracoronary Doppler measurements did not show any significant difference in coronary vascular reserve between the three groups (3.6^0.4 vs 3.1^0.7 vs 3.7^0.5, P ¼ 0:2). A greater diastolic component at baseline was present in group B patients (5.5^1.9 vs 3.5^0.9 in group A and 3.7^0.9 in group C, P ¼ 0:024). After maximal hyperemia the diastolic component increased slightly in group A patients (8%) while both in groups B and C significantly decreased (215 and 2 20%, respectively) ðP ¼ 0:017Þ: Conclusions: The presence of pseudosinuses of Valsalva does not influence coronary flow reserve. After maximal coronary vasodilation the increase in the systolic component of coronary flow is more evident in the presence of sinuses or pseudosinuses of Valsalva, thus suggesting that coronary flow pattern may be affected by the presence of sinuses. q
Introduction
The sinuses of Valsalva are of paramount importance in assuring normal function of the aortic valve. Their particular shape and distensibility along with the presence of the sinotubular junction regulates the opening and closing characteristics of the aortic valve [1, 2] . The eddy currents that are formed inside the sinuses act as a cushion preventing any systolic impact of the leaflet with the aortic wall. Furthermore, they promote valve closure already before the end of systole in a way that, when the flow is reversed during diastole, leaflet excursion is reduced and valve closure is smooth and synchronous. The anatomical unit formed by the sinus and the valve leaflet is important in sharing the diastolic stress on the leaflet and reducing stress concentration at any point [3] . Surgical reconstruction of the aortic root that abolish or alter the shape of the aortic sinuses should be avoided if a long-term durability of the leaflet is desired.
Coronary arteries are positioned at the bottom of the coronary sinuses but little is known on the role of the sinuses in promoting coronary blood flow (CBF). The aim of this study was to evaluate coronary flow characteristics with or without the presence of sinuses of Valsalva in order to verify the hypothesis that the sinuses of Valsalva might somehow modulate the coronary flow pattern. We recently developed a modified tube graft that incorporates pseudosinuses of Valsalva (Gelweave Valsalvae, Terumo Vascutek, Renfrewshire, Scotland UK) and facilitates an anatomical reconstruction of the aortic root [4] . Therefore, we evaluated coronary flow characteristics in patients after a Bentall procedure with a conventional cylindrical graft that completely abolish the sinuses, after a Bentall procedure with the conduit that incorporates pseudosinuses of Valsalva and compared the results with a group of patients retaining their natural sinuses after aortic valve and supracoronary ascending aorta replacement.
Patients and methods

Patient population
Among all patients undergoing surgical procedure on the aortic valve and ascending aorta at our institution more than 1 year before the present investigation we selected 21 consecutive patients that formed the basis of this study. Seven patients had undergone a Bentall procedure by means of a standard Dacron conduit (group A; absence of sinuses, Fig. 1a ), 7 patients had undergone a Bentall procedure by means of a modified Dacron graft incorporating sinuses of Valsalva (group B; pseudosinuses, Fig. 1b ), and 7 patients had undergone aortic valve replacement associated with a supracoronary Dacron graft replacement (group C; natural sinuses, Fig. 1c) . In order to avoid possibly confounding effects, patients were selected on the basis of the size of Dacron graft and the type of prosthetic aortic valve. Furthermore, only patients with normal cardiac function, sinus rhythm and absence of coronary disease were considered. Patient characteristics are summarized in Table 1 . All patients gave written informed consent for participation in the study, which was approved by the Institutional Ethics Committee.
Surgical technique
Composite valve graft replacement (Bentall procedure) either with a standard graft (group A) or with the modified graft (group B) was carried out in a standard fashion. After excision of the valve and of the ascending aorta, coronary buttons were obtained. Next, the composite graft was sutured to the valve annulus using pledgeted polyester braided suture and the coronary buttons reattached to the conduit. The coronary buttons were attached at the center of the pseudosinuses (usually at the nadir of their curvature) always respecting their natural position. Anastomosis of the graft to the distal ascending aorta completed the procedure. In the case of aortic valve replacement associated with supracoronary ascending aorta replacement (group C) the Dacron graft was proximally sutured right at the level of the sinotubular junction. The modified graft design has been more extensively described in previous articles [4, 5] . Briefly, it has a short proximal portion (the skirt of the graft) that stretches horizontally upon conduit pressurization allowing the recreation of pseudosinuses of Valsalva. This modified graft has been successfully employed in valve sparing procedure [6, 7] where it contributes to an anatomical reconstruction of the aortic root. Given its peculiar design it has also been employed for Bentall procedure where it facilitates coronary anastomosis and avoids or reduces any undue tension on the coronary ostia (Fig. 2 ).
Coronary Doppler evaluation
After a mean follow-up time of 21.1^15.8 months all patients underwent cardiac catheterization and angiography of the left main coronary artery. Drugs that could affect hemodynamics were not used. Arterial blood pressure through the guiding catheter and heart rate were monitored throughout the procedure. After angiography, a 0.014-in. Doppler-tipped guidewire (FlowWire and FlowMap, Cardiometrics, Inc., Lake Success, NY) was advanced through the 7F guiding catheter into the left anterior descending (LAD) until an optimal and stable Doppler signal was obtained. Blood flow velocity was calculated from the Doppler frequency shift of a reflected 15-MHz signal by fast Fourier transformation and displayed in a spectral format. Average peak velocity (APV, cm/s) and diastolic/systolic velocity ratio were derived automatically by the integrated signal-analyzing computer. After on-line assessment of the baseline APV, hyperemia was induced by administration of an intra LAD bolus of adenosine (20 mg). Coronary flow reserve was calculated as the maximal hyperemic APV/basal APV. Similarly, diastolic/systolic integral ratio (DSiR) was calculated at baseline and after maximal vasodilatation with adenosine. CBF was determined as p £ (coronary artery diameter/2) 2 £ (APV/2). CBF responses to adenosine were expressed as percent changes from baseline. After baseline conditions of APV were obtained, hyperemia was induced by administration of nitroglycerine (100 mg). Since nitroglycerine is a potent vasodilator of the large epicardial vessel, its effect on coronary flow was used to assess a proper function and positioning of the Doppler guidewire. In fact, administration of nitroglycerine caused a significant increase from baseline of mean lumen diameter of the LAD (3.5^0.5 vs 3.9^0.5 mm, P , 0:001) and in CBF (108.9^48.2 vs 391.5^182.9 ml/min, P , 0:0001) in each patient without differences between groups.
Statistical analysis
A two-way analysis of variance was used to compare hemodynamic, anatomical, and Doppler derived data between the three groups, with the Scheffé F test for post hoc multiple comparisons. Categorical data were compared using the x 2 test. A P-value , 0.05 was considered significant. All data are expressed as mean value^standard deviation. All statistical analysis was performed with StatView (version 5.0) for Windows 8.0 (SAS Institute Inc.).
Results
All patients were asymptomatic and in NYHA class I at the time of evaluation. Echocardiographic evaluation showed normal left ventricular diameter and ventricular function ( Table 2) . Arterial blood pressure and heart rate at the time of evaluation were comparable between the three groups at baseline and throughout the study (Table 3) .
Intracoronary Doppler parameters
There were no significant differences in LAD mean lumen diameter at baseline and at maximal hyperemia after adenosine between the three groups ( Table 4 ). The increase in blood flow with adenosine was similar between the three groups. As a consequence, coronary flow velocity reserve (CFVR) was also similar (Table 4) . At baseline diastolic/ systolic velocity ratio was greater in patients with pseudosinuses reconstruction than in the other groups (P ¼ 0:024 group B vs groups A and C). After maximal vasodilatation with adenosine the diastolic/systolic velocity ratio was still greater in group B than in groups A and C. However, percent reduction in diastolic/systolic velocity ratio during adenosine-induced hyperemia was similar in groups B and C, whereas it was unchanged in group A (Table 4) (Fig. 3) . 
Discussion
The main findings of this study are that the presence of sinuses or pseudosinuses does not influence the coronary flow reserve. However, in the presence of sinuses or pseudosinuses a greater increase in the systolic component of coronary flow after maximal vasodilatation is significantly more evident, thus indicating the role of sinuses or pseudosinuses in modulating the coronary flow pattern. A limitation of this experimental study could be in the relatively small number of enrolled patients with a consequent risk of a possible type II statistical error. Nevertheless, despite the number of patients, the most relevant finding of the study (percent change in the DSiR) was highly significantly different among groups.
In the last years we developed a modified vascular prosthesis that allows a more anatomical reconstruction of the aortic root in valve sparing operation. It has been successfully used either in the remodeling [6] or in the reimplantation type of valve sparing procedure [7] with valve motion characteristics that are more similar to healthy individuals. Given its peculiar anatomical shape it has also been applied in cases of Bentall procedure [4, 5] where it is thought to facilitate coronary anastomosis and at the same time to decrease tension upon the coronary buttons during surgery or after conduit pressurization. In particular, the cyclic movement of the heart is not directly transmitted to the coronary anastomosis but the reconstructed root follows the heartbeat as a single functional unit avoiding stress concentration at any given point. As a consequence, a reduction in the incidence of late pseudoaneurysm formation is to be expected. Interestingly enough, the button technique of coronary reimplantation has gained popularity over the inclusion technique because it reduces tension, bleeding and pseudoaneurysm formation [8] .
Even though in the case of Bentall operation this new vascular prosthesis does not reproduce three independent sinuses but rather a single large egg-shaped proximal portion (Fig. 2) , it still generates vortices within. Interestingly, the presence of this portion of the graft that expands horizontally to reconstruct the aortic root offers the possibility of investigating the physiological role, if present, It has been shown that reduced diastolic perfusion along with increased extravascular compression is the main cause of coronary microcirculation dysfunction in patients with aortic stenosis. The anginal symptoms in patients with aortic stenosis and normal coronary arteries can therefore be explained by a reduced coronary vasodilator reserve [9, 10] . Furthermore, more recently Rajappan et al. [11] found that the improvement of myocardial blood flow after aortic valve replacement for aortic stenosis is the effect of the increase in diastolic perfusion time. Therefore, diastolic perfusion time is to be considered a main factor in the regulation of myocardial perfusion. Our hypothesis was that the presence of sinuses of Valsalva (group C patients) could somehow participate in the regulation of coronary flow pattern during the cardiac cycle. Although the coronary flow reserve was normal in all patient groups, we found that patients whose sinuses were abolished by the surgical procedure (group A patients) did not significantly modify the diastolic/systolic ratio after maximal hyperemic vasodilation. Conversely, patients with their natural sinuses showed the ability to increase their systolic component. In particular, patients whose sinuses were replaced by some sort of pseudosinuses (group B patients) showed modification in D/S ratio similar to patients with natural sinuses. Interestingly, their diastolic component at baseline was significantly higher than the other patients groups. The reason for the higher diastolic component at baseline in group B patients compared to group C, despite the fact that in both groups sinuses are present, might be either due to the single circumferential sinus in group B or to a difference in sinuses elasticity. Nevertheless, our findings seem to suggest that aortic sinuses (or pseudosinuses) may represent one of the multiple components responsible for CBF regulation especially in patients with myocardial hypertrophy in whom resting coronary flow is increased.
It has also been demonstrated that the reverse of flow necessary to close a prosthetic mechanical valve along with the leakage flow combine to create a disturbed flow inside the sinuses of Valsalva [12, 13] . Kleine et al. [14] recently demonstrated that varying the orientation of a prosthetic mechanical valve has a significant impact on CBF. In particular they found that, for a given valve, varying from the best orientation (the one giving the lowest pressure gradients and the lowest downstream turbulence) to the worst orientation causes a major and significant reduction in CBF. This finding support the hypothesis of a direct correlation between the low turbulence in the aortic root and a high diastolic coronary flow rate. Therefore, even when the valve is closed, disturbance of aortic root flow pattern seems to play a role in determining an optimal diastolic CBF. Based on these findings, it is also possible that the shape of the aortic root and in particular the presence or the absence of sinuses of Valsalva, by regulating the amount and direction of vortices in the aortic root would also influence the coronary flow pattern. In our study groups all patients had their bileaflet mechanical valve implanted with one orifice facing the right cusp (usually considered the best orientation with respect to flow hemodynamics) while the biological valves were almost equally distributed between the three groups ( Table 1 ). In this way we sought to keep all possible influencing variables to a minimum in order to isolate the effect of the aortic root shape on the coronary flow. Finally, the reason for the increase of the systolic component during adenosine-induced hyperemia in patients retaining their coronary sinuses cannot be deduced by the results of our study. It might only be speculated that a maximal vasodilation induced by adenosine at the coronary arterioles could further enhance myocardial perfusion during systole in patients with preserved or recreated vortices inside the aortic root. However, this intriguing finding deserves further investigation, i.e. comparison of coronary flow pattern after adenosine-induced increase in CBF with pacing-induced increase in CBF.
